Miraculin is a glycoprotein, and it changes the perceived quality and intensity of tastes (especially, sourness and sweetness). The oral application of miraculin in a high concentration elicits a strong sweetness for sour tastants. However, the mixing of different tastants increases or decreases the intensity of the taste elicited in comparison with the intensities elicited by the individual sour tastants. The synergy between different (e.g., sweetness and sourness) or similar taste qualities can be responsible for the changes in the perceived taste intensities. Despite the characteristics of miraculin and the sour tastant mixtures, the effects of miraculin on mixed acid solutions are still unknown. The goals of this study were to assess the following: 1) the intensities of the sourness and sweetness of mixed acid solutions before and after the oral application of miraculin and 2) the intensity of the sweetness of the mixed acid solutions after the oral application of miraculin. For twenty healthy young adults, sensory evaluation experiments examined the perceived intensities of taste (sweetness, sourness, and astringency) and the overall odor of six organic acid solutions (2.3 × 10 −2 M of citric acid and three-binary and two-trinary mixtures including citric acid that ranged from 2.24 to 2.48 in average pH). The application of miraculin elicited sufficient sweetness, but it did not show statistically significant differences in the intensities of sweetness among the six acid solutions. Except for the sweetness, all of the four sensory items exhibited significant changes among the six solutions both before and after the application of miraculin, while the average scores for these items did not correlate with the average solution pH values. These results suggest that the binary and trinary mixed acid solutions affect the sourness both before and after the oral application of miraculan; however, there was no effect on the sweetness.
Introduction
Miraculin is a glycoprotein that changes sourness into sweetness in the mouth [1] [2] . When miraculin binds to the sweet receptors on the taste buds on the tongue or the soft palate, sour foods evoke an action potential on the taste nerves that conduct the sweet sensation. The intensity of sweetness becomes stronger as the intensity of sourness becomes stronger with organic acids (e.g., citric acid). The concentration of hydrogen ions affects the intensity of the sourness, although hydrogen ions are not the only determinant of taste [3] .
When different tasting substances are mixed in solution and applied orally, their taste intensity is increased or decreased in comparison with the intensities elicited by the individual substances [4] ; e.g., 0.5% sodium chloride (NaCl) increases the sweetness of 5% -7% sucrose, while 1.0% NaCl decreases the sweetness of 3% -10% sucrose [5] . A study on the mixing of solutions with similar taste intensities, specifically sour solutions, found that the sourness of binary acid mixtures is stronger than that of single acid solutions [6] [7] .
Despite the fact that miraculin changes sourness to sweetness in single acid solution, few studies have examined the effect of miraculin on mixed acid solutions. The goals of the present study were to estimate 1) the intensity of the sourness of mixed acid solutions before oral miraculin was applied, and 2) the sweetness intensity of mixed acid solutions after miraculin was applied in response to the enhancement of the sourness.
Materials and Methods

Participants
Twenty adults (ten males and ten females, 20.7 ± 0.8 (mean ± SD) years old) participated in this study. None of the participants had any subjective problems with gustatory and olfactory functions. Informed consent was obtained from all of the participants. The experiments were approved by the Ethics Committee of the Niigata University of Health and Welfare.
Miraculin and Test Solutions
A commercially available tablet of miraculin (MBerry [8] ) was used in this study. The tablet was gently ground in a mortar and pestle. The ground powder (350 mg) was provided to each participant with a plastic spoon. The efficacy of the ground miraculin powder was verified in a preliminary experiment (in six healthy young females).
Six acid solutions were used ( Table 1) ; one single, three binary, and two trinary mixtures of four organic acids; citric acid (C) was a common component of the six solutions. The concentration of C was determined from the standard taste solution as in a previous report [9] and was approximately 10 times higher than the average recognition threshold of citric acid [10] . Table 1 shows the concentrations of the other three organic acids: malic acid (M), tartaric acid (T), and acetic acid (A). The concentrations of the three organic acids were determined based on the PSE (point of subjective equality) of the acid solutions [11] . The pH values of the six solutions used were measured at room temperature (approximately 25˚C) with a glass electrode pH meter (TWIN pH meter B-212, HORIBA Ltd., Kyoto, Japan). The average pH value ranged from 2.30 to 2.48 ( Table 1) . A one-way analysis of variance (ANOVA) detected significant differences among the average pH values (P < 0.01), and Tukey's multiple comparison tests followed by the ANOVA found nine specific differences in 15 possible pairs of solutions ( Table 1 , Ps < 0.001). 
Procedures
The sensory evaluation experiment was conducted in an air-conditioned room at 25˚C. Each participant was seated in a chair in front of a table. Each participant was instructed to 1) place the miraculin powder in the mouth, and then 2) mix the powder with saliva and apply the saliva to the entire mucosae of the mouth with the tongue for 1 min. After the application of the miraculin, the participant was instructed to rinse the mouth with 20 ml deionized water. The participant was asked to evaluate one of the test solution pairs (see the details in the next subsection) and rinse the mouth again with 20 ml deionized water. An interval of 2 min was interposed between the individual trials.
Sensory Evaluation
A modification of Scheffe's paired comparison was used for the sensory evaluation. Each participant was provided a pair of test solutions (15 ml) that were selected in random order. First, the participant tasted and smelled a solution and memorized the intensities of three qualities of the taste (sweetness, sourness, and bitterness) and the overall intensity of the odor. Second, after spitting out the previous solution with saliva and rinsing the mouth, the participant tasted and smelled the next solution and evaluated the taste in comparison to that of the previous solution. Finally, the participant spit out the solution with saliva and sufficiently rinsed the mouth. A trial consisted of these three steps. A conventional method was adopted for the evaluation [12] . The evaluation consisted of a grade composed of seven points (from −3 to +3). All of the possible 15 pairs of test solutions were used for the evaluation.
Statistical Analysis
The evaluated scores were analyzed statistically by a three-way ANOVA using "main effect (tastes or odor)", "participant", and "main × participant". After estimating the expected values of the main effect in the ANOVA, confidence intervals for the estimates were calculated using 'yardsticks' to detect specific differences between the pairs of solutions. Pearson's correlation coefficient was calculated between the sensory evaluation scores and pH values, i.e., the individual average scores of the seven evaluation items before (three items) and after (four items) miraculin was applied ( Figure 1 and Figure 2 ) and the average pH values of the six acid solutions ( Table  1) . The statistical significance of the calculated coefficients was evaluated using a table of critical statistical values for Pearson's coefficient (e.g., Table B .7 in [13] ). Differences were regarded as statistically significant if P < 0.05. Table 1 ) after miraculin was applied; (b) Intensities of sourness in the six solutions before (upper trace) and after (lower trace) miraculin was applied. White dot: a single solution; gray dots: three binary mixtures of organic acids; and black dots: two trinary mixtures of organic acids. See Table 2 and Table 3 for the specific statistical differences detected between pairs of solutions for sweetness ( Table 2) and sourness ( Table 3) . Table 1 ) before (upper trace) and after (lower trace) miraculin was applied; (b) Intensity of overall intensity of odor in the six solutions before (upper trace) and after (lower trace) miraculin was applied. White dot: a single solution; gray dots: three binary mixtures of organic acids; and black dots: two trinary mixtures of organic acids. See Table 4 and Table 5 for the specific statistical differences detected between pairs of solutions for the astringency (Table 4 ) and the overall odor intensity ( Table 5) .
Results
Figure 1(a) shows estimates of the sweetness of six acid solutions after oral miraculin was applied. The highest estimate of +0.17 was elicited by the trinary mixture, CMA, while the lowest estimate of −0.17 was elicited by a binary mixture, CT. The range between these estimates, 0.34, was only 5.7% of the possible parameter range (6.0; from −3.0 to +3.0), showing that the difference in the sweetness among the six solutions was relatively small. The three-way ANOVA did not detect significant differences in the "main effect (sweetness; P = 0.14)", or in "participant (P = 0.06)", nor in the "main × participant interaction (P = 0.86)", and the estimate of the confidence intervals between the solutions also indicated no specific differences ( Table 2 , Ps > 0.05). Figure 1(b) shows the estimates of the sourness of six solutions before and after the oral miraculin was applied. The highest estimates were elicited by the trinary solution CMT (before miraculin; +0.58) and by the trinary solution CMA (after miraculin; +0.53), while the lowest estimates were elicited by a single solution of C both before and after the oral miraculin was applied (−0.72 and −0.67, respectively). The ranges of the estimates encompassed approximately 20% of the possible parameter range. The three-way ANOVA detected significant differences both before and after the miraculin application (Ps < 0.01) ( Table 3 ) and specific differences were also found in 10 of the 15 (before miraculin) and 7 of the 15 (after miraculin) possible pairs of the acid solutions (shown by the lower and upper triangular elements in Table 4 , respectively (P < 0.05). Figure 2 (a) and Figure 2(b) show the estimates of astringency and the overall odorintensity, respectively, for six acid solutions after the oral miraculin was applied. The highest and lowest estimates of the astringency were elicited by the trinary solution CMT and by the single solution of C, respectively, before and after the miraculin was applied (Figure 2(a) ). The highest estimates were +0.38 (before miraculin) and +0.23 (after miraculin), while the lowest estimates were −0.51 (before miraculin) and −0.35 (after miraculin). The three-way ANOVA detected significant differences both before and after the miraculin was applied (Ps < 0.01), and specific differences were also found in 10 of 30 possible pairs of the acid solutions ( Table 4 , Ps < 0.05). The highest overall intensity of odor was elicited by the two acid solutions, binary CA and trinary CMA, in which both contained A (Figure 2(b) ). The three-way ANOVA detected significant differences both before and after miraculin was applied (Ps < 0.01), and specific differences were also found in 12 of the 30 possible pairs of the acid solutions ( Table 5 , Ps < 0.05).
Pearson's correlation coefficient indicated that the average pH values ( Table 1) were not significantly corre- 
Discussion
The most important result of this study (Figure 1(a) ) indicated that miraculin did not change the intensity of the sweetness of the six acid solutions used ( Table 1) . Prior to discussing this result, it is necessary to discuss the taste intensities (specifically the sourness) before the oral miraculin was applied, because our hypothesis about the sweetness was based on the changes in the sourness of the acid solutions.
1) Before miraculin application
The concentration of hydrogen ions in a solution (i.e., pH) critically affects the sourness intensity, although the hydrogen ion is not the sole determinant of taste [14] . This study found significant differences in the average pH values among the six solutions used ( Table 1) , and these differences did not determine the intensities of the sensory evaluation items including sourness before and after miraculin was applied, as the average pH values were not significantly correlated with any of the sensory intensities. The result of the perceived sourness intensity (Figure 1(b) ) might provide additional information about the knowledge of the taste elicited by mixtures of acid solutions. This knowledge most likely originates from two major studies [7] [15]; the latter one used suprathresold acid solutions similar to those used in the present study, and that finding is likely to be more informative than that of the former study. A psychophysical study showed that estimates of sourness for binary mixtures and citric acid and HCl mixtures served as examples of "synergy" [7] , although the other mixtures in that study differ from those in the present study ( Table 1) . Many studies have examined the different tastes of combinations, such as sweetness and sourness, but many fewer studies have done so with the same or similar qualities. The present result (Figure 1(b) ) may extend 'synergy' in sourness to binary and trinary mixtures in acid solutions.
2) After miraculin application The major finding regarding the sweetness was quite unexpected, as previous studies showed the enhancement of sourness with binary acid solutions [7] [15]; accordingly, we expected the enhancement of sweetness with binary acid solutions after the oral miraculin was applied. In fact, differential intensities of sourness in binary and trinary organic acid solutions were indeed observed in the present study (Figure 1(b) ). A psychophysical study showed that the perceived intensity of sweetness after the miraculin was applied increased with an increase in the concentration of an acid solution (citric acid, 8.5 × 10 −4 to 1.38 × 10 −2 M; and hydrochloric acid, 7.8 × 10 −4 to 1.29 × 10 −2 M) that was tasted after the miraculin [16] . An electrophysiological study in monkeys also showed that the response of the summed activity of the chorda tympani nerve to a citric acid solution was greater after miraculin application, when the concentrations were increased from 1.0 × 10 −2 M to 5.0 × 10 −2 M [17] . These studies in humans and monkeys suggest that stronger sourness from higher concentrations of acid solutions elicits stronger sweetness. However, a psychophysical study in humans also suggests that the miraculin effect reaches a peak at a concentration of 10 −2 M citric acid (Figure 1 in [16] ). This peak may be responsible for the negative result in the present study (Figure 1(a) ), as the concentration of citric acid used ( Table 1 ) was similar to the highest concentration used in a previous study [16] . The peak effect of miraculin is consistent with solutions of HCl (Figure 2 in [16] ), but no previous studies have explored the effects, including a peak, of miraculin on binary or trinary acid solutions. The negative result suggests that the peak effect of miraculin occurs with binary and trinary acid solutions such as those used in the present study. Despite this indication, a question remains, because while the average pH values differed significantly among the test solutions ( Table 1) , there were no differences in the sweetness intensity after miraculin was applied. The peak effect is unlikely to be a sufficient answer to this question. It seems necessary to consider other possibilities such as astringency and the overall odor intensity of the tested substances for the answer.
In our preceding paper [9] , the participants estimated the perceived intensity of sweetness as an average score of approximately 133, which was elicited by a solution of 2.3 × 10 −2 M citric acid after miraculin was applied, while the participants were instructed to consider the sweetness elicited by a solution of 0.20 M sucrose before miraculin was applied as 100 (i.e., the standard score). That study used the citric acid solution and five other acid solutions, and a wine vinegar containing tartaric and acetic acids was one of the five solutions [9] . The wine vinegar showed the lowest average score for the sweetness of the five solutions after miraculin was applied, while the pH measured was at the lowest value. A previous study first showed that astringency elicited by acids is a function of pH and not of the concentration or of the anion species [18] . A more recent study also showed that an increase in pH from 2.5 to 4.0 in wines lowered the astringency intensity [19] . Thus, the present result that indicated that the two trinary acid solutions showed higher astringency scores than the remaining four solutions is consistent with these previous studies. That the wine vinegar had the lowest pH [9] suggests that it should have the highest astringency of the six solutions tasted [18] [19] . Findings in previous studies, including one study of ours, suggest that the astringency of the solution could have been a factor in the unexpected negative result found in this study (Figure 1) . However, it is still unclear why the appliedmiraculin did not differentially modify the sweetness of the six acid solutions used in this study (Figure 1(a) and Table 2 ).
The overall odor intensity of the acid solutions (Figure 2(b) ) can affect the perceived intensity of sweetness after miraculin application (Figure 1(a) ). The acetic acid content of the solutions seems to be responsible for the high overall odor intensity scores both before and after miraculin application (Figure 2(b) and Table 5 ). In general, tastes and smells usually interact in a suppressive manner at suprathreshold concentrations [20] - [22] , although the methods used for sensory evaluation are likely to be critical [23] . The average sweetness intensity in three acid solutions that included acetic acid after miraculin application tended to be lower than in those solutions without acetic acid in our preceding study [9] . The present result for the overall odor intensity suggests a minor influence on the sweetness intensity of the mixed acid solutions after the miraculin application.
Conclusion
Effects of ground miraculin powder on the perceived intensity of taste and odor were evaluated using six (one single, three binary, and two trinary) organic acid solutions in twenty healthy young adults. Citric acid (2.3 × 10 −2 M) was a component of the solutions, and the average pH values were between 2.24 and 2.48. The ground miraculin powder elicited sufficient sweetness after oral application. In contrast to our prediction, no statistically significant differences were found in the intensities of sweetness elicited by the miraculin application among the six acid solutions. Significant differences after miraculin was applied were found in three of the sensory items evaluated (the sourness, the astringency, and the overall odor intensity) among the six solutions, while the average scores for these items were not correlated with the average solution pH values. These results suggest that the sweetness elicited by miraculin is not enhanced or at least synergized by the binary and trinary acid solutions used in this study.
